Enantiomeric propanolamines have been identified as a new class of NR2B-selective NMDA receptor antagonists. The most effective agents are biaryl structures, synthesized in six steps with overall yields ranging from 11-64%. The compounds are potent and selective inhibitors of NR2B-containing recombinant NMDA receptors with IC 50 values between 30-100 nM. Potency is strongly controlled by substitution on both rings and the centrally located amine nitrogen. SAR analysis suggests that well-balanced polarity and chain-length factors provide the greatest inhibitory potency. Structural comparisons based on 3D shape analysis and electrostatic complementarity support this conclusion. The antagonists are neuroprotective in both in vitro and in vivo models of ischemic cell death. In addition, some compounds exhibit anticonvulsant properties. Unlike earlier generation NMDA receptor antagonists and some NR2B-selective antagonists, the present series of propanolamines does not cause increased locomotion in rodents. Thus, the NR2B-selective antagonists exhibit a range of therapeutically interesting properties.
Introduction
Glutamate, the principal excitatory neurotransmitter in the central nervous system (CNS), activates at least three subtypes of ionotropic receptors classified by agonist pharmacology as follows: N-methyl-D-aspartate (NMDA a ), R-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), and kainate receptors. [1] [2] [3] NMDA receptors are Ca 2+ permeable ligandgated ion channels that are activated after binding of the coagonists glutamate and glycine. These ion channels mediate excitatory transmission in the CNS and also play an important role in synaptic plasticity. Under pathological conditions, overactivation of NMDA receptors has been hypothesized to contribute to neuronal death, in part by elevating intracellular divalent ions such as Ca 2+ and Zn 2+ to cytotoxic levels. Given these important roles for this receptor, there has been a great deal of interest in developing pharmacologic regulators of this receptor class. [4] [5] [6] [7] NMDA receptors are heterooligomeric assemblies of NR1 subunits plus one or more NR2A, NR2B, NR2C, and NR2D subunits. 1, 2, [8] [9] [10] Subunit composition and distribution of native receptors in adult mammalian brain differs significantly from region to region. 11 In addition, each subunit contributes uniquely to gating, and binds different agonists and allosteric regulators. 2 The NR1 subunit contains the glycine binding site, whereas the NR2 subunit contains the glutamate binding site. 2 In addition, NR2 subunits possess binding sites for allosteric regulators and noncompetitive antagonists such as extracellular Zn 2+ and phenylethanolamines such as ifenprodil. [12] [13] [14] [15] This varied NMDA receptor pharmacology provides an opportunity to develop subtype-selective therapeutic drugs. [8] [9] [10] [11] One of the first subtype-selective NMDA receptor antagonists was ifenprodil, which selectively inhibits NR2B-containing NMDA receptors. 16 A wide range of ifenprodil analogues have been synthesized, including eliprodil 17 and other benzylpiperidines (111 20 and 112, 18, 19 Figure 1 ). Several additional classes of NR2B-selective NMDA receptor antagonists also have been described including oxamides, 21 5-substituted benzimidazoles, indole-2-carboxamides, 23 benzyl cinnamamidines, 24 and other biaryl analogues 25, 26 (see Figure 1 ). We describe here a structurally distinct class of enantiomeric propanolamines that are potent antagonists of NR2B-containing NMDA receptors. The compounds are both neuroprotective and anticonvulsant when tested in vivo.
Synthesis
As shown in Schemes 1 and 2, syntheses of compounds 29-43 (Table 1) were initiated by combining substituted nitrophenols with (S)-(+)-glycidyl nosylate under basic conditions using the procedure described by Kitaori et al. 27 to give 2-8 in excellent yields (80-93%). The latter were hydrogenated with poisoned Pd/C 28 using a previously published procedure 29 to obtain crude mixtures resulting from nitro group reduction and 5-20% ring opening. As a result of instability on silica gel, the reduced product mixtures were used directly without purification. Thus, 9-14 were treated with N,N-diisopropyl-Nethyl amine and the corresponding acid chloride (iii or iv in Scheme 1) to produce compounds 15-27 in moderate yields. Methyl iodide and potassium carbonate in acetone were subsequently used to methylate the sulfonylamide nitrogen to give 28. Finally, the side chain was elaborated by opening the epoxide ring with 3,4-dichlorophenylethylamine to furnish 29-42 (i.e., via v in Scheme 1). The synthesis of 43 is shown in Scheme 2. Compound 44 was prepared by the method employed for compound 42 but starting with 2-nitrophenol. To protect both the free amine and the alcohol groups, 44 was treated with benzaldehyde in toluene followed by hydrogenation of the nitro moiety to the corresponding amine (46) with Pd/C (10%). Without purification, the resulting aniline was combined with methanesulfonyl chloride under basic conditions at 0°C and subsequently treated with HCl to give compound 43 in 43% yield.
The reaction of compound 15 and the appropriate primary or secondary amine in ethanol gave compounds 47-65 (Table  2) as shown in Scheme 3. Compounds 67-102 (Tables 3 and  4) were synthesized by reductive amination from 29 under mild conditions as shown in Scheme 4. For example, 37 was prepared in two steps. In the first step, 29 was combined with the O-butyryl glycoaldehyde 30 and reduced to the corresponding amine with sodium triacetoxyborohydride (68a), while in the second step, it was hydrolyzed with sodium methoxide to deliver 68 (75% yield). Generally, reductive amination with alkyl aldehydes gave higher yields than the aromatic aldehydes. Compounds 103-108 are the (R) mirror-image isomers of 29, 66, 68, 70, 76, and 77. They were prepared similar to the latter compounds starting with the (R)-glycidyl nosylate. To illustrate the enantiomeric purity of the compounds, we selected enantiomers 70 and 106 and prepared the corresponding Mosher esters. The clean singlet peak for the methoxy group in each case indicates that the compounds are enantiomerically pure. The corresponding optical rotations ([R] D 20 ) are -12.6°and +12.7°, respectively. Experimental details and the NMR spectra of the Mosher esters are provided in the Supporting Information.
In Vitro Analysis of NMDA Receptor Antagonism. Two electrode voltage clamp recordings from Xenopus oocytes expressing recombinant rat NMDA receptors were used to test for subunit selective inhibition by all experimental compounds (Tables 1-6) . From these experiments, we determined that 29 is a novel, potent, and selective antagonist at recombinant rat NR1/NR2B receptors (Figure 2A,B) . Two additional closely related compounds (racemic 66/104) were similarly potent and differed from 29 only by addition of a methyl group. Racemic 66/104 (AM-92016) is a potassium channel blocker. 31 All three compounds (29, 66, 104) were used interchangeably to evaluate the mechanism by which propanolamines inhibit NR2B-containing recombinant NMDA receptors. In addition, these three compounds were tested in a number of in vitro and in vivo models of ischemia, epilepsy, and locomotor activity.
Compound 29 inhibits rat NR1/NR2B current responses with a half-maximally effective concentration of 50 nM (Hill slope 0.7); 29 showed a similar potency for inhibiting human NR1/ NR2B receptors (53 nM). Furthermore, the amino acid identity between rodent and human receptors is 98% or better with most changes occurring in a region of the receptor not expected to be part of the binding pocket for NR2B-selective inhibitors. All subsequent experiments reported were performed on rat NMDA receptors. Interestingly, 29 did not inhibit receptor function fully but rather showed a maximal inhibition of only 83%. The latter is consistent with that of other NR2B-selective antagonists, which act by a noncompetitive mechanism to bring about incomplete inhibition. 16, 19, 20, [32] [33] [34] Compound 29 has no effect on recombinant heterodimeric NMDA receptors that contain other NR2 subunits and no detectable effects on recombinant kainate or AMPA receptors (Figure 2A) . Furthermore, consistent with other NR2B-selective ligands, inhibition of NR1/NR2B receptor responses by 29 was not surmountable by increased concentrations of glycine or glutamate ( Figure 2C ). Inhibition with a similarly potent analogue (racemic mixture of 66/104) was voltage-independent ( Figure 2D ). Two mutations that have been shown to reduce ifenprodil inhibition in NR1/NR2B receptors 35, 36 also blocked the inhibitory effects of 66/104. We found that inhibition produced by a single concentration of 66/ 104 (100 nM) was reduced from 67.1 ( 1.1% in wild type NR1/ NR2B receptor to 8.9 ( 5.6% in NR1(H134A)/NR2B (n ) 5; p < 0.05; unpaired t test) and 4.2 ( 6.3% in NR1/NR2B(E201R) (n ) 7; p < 0.05; unpaired t test).
These data are all consistent with propanolamine 29 and its analogues exerting a negative allosteric effect on NR2B receptor function through direct interaction with at least a portion of the ifenprodil binding site, which has been proposed to be fully contained in the amino terminal domain. 15, 36, 37 To directly test whether 29 and its analogues bind to the amino terminal domain, we evaluated a mouse NR2B subunit in which residues of the amino terminal domain up to Met394 were replaced by a signal sequence of influenza hemaglutinin followed by an eight residue FLAG epitope followed by the sequence TRYMRHAVWPR. 38 We hypothesized that deletion of the amino terminal domain from this NR2B subunit, NR2B (∆ATD), would render the receptors insensitive to inhibition by 29 and its analogues. The IC 50 values for compounds with varying substitutions on the phenoxy ring (109, R 1 and R 2 ) illustrate a remarkably strong preference for a para-methylsulfonamide ( Table 1) . Movement of the latter to the meta position reduces the potency assessed in the oocyte assay by 10-fold, while ortho placement depletes activity altogether. Similarly, hydrophobic sulfonamide substituents larger than methyl decrease potency by >10-fold, the larger groups causing the greater loss. Replacement of the sulfonamide with N-acetyl analogues or a nitro group reduces the IC 50 >100-fold, as does N-methylation. Once the p-NHSO 2 Me is installed, an ortho-F is well tolerated, but meta substitution reduces potency by 10-fold. At the other end of the molecule, 3,4-substitution of the phenethyl moiety by combinations of fluorine and chlorine (109, X 1 and X 2 ) furnish the lowest IC 50 values (i.e., highest potency Table 2 ). However, a 5-15 fold drop in potency is produced by either the difluoro or dimethyl variations, removal of one of the halogens or F or C at C-2. A variety of other substituents, most notably OH and NO 2 , lead to greater than 100-fold decrease in potency (i.e., increase in IC 50 ). Although the terminal groups have been limited to phenyl rings, within this context the range of acceptable changes is limited to a rather tight pattern: 4-methylsulfonamide on the right and 3,4-dichloro on the left. Compound 29 with an IC 50 of 50 nM corresponds to the lead structure.
Further modifications have focused on the amine nitrogen located unsymmetrically between the aromatic termini (109, R 3 ). Within a series of alkyl derivatives there is a clear size preference. The ethyl group and the corresponding alcohol are optimal with only 2-3 fold less activity than 29. However, both the small methyl group and substituents with 3-6 carbons exhibit 3-13 fold lower activity ( Table 3 ). The even bulkier isobutyl and cyclohexylmethyl groups drop the potency further relative to the N-ethyl analogue, namely 13-100 fold. Analysis of the seven N-substituted propanolamines (29, 66, 67, 69-72) shows a correlation between spacefill volume of the side chain and potency (R ) 0.92, p < 0.004), with more sharply decreasing potency beyond n-propyl. The existence of a pocket with limited size that can accommodate these aliphatic substituents is suggested. A series of N-benzyl derivatives was likewise prepared, many of which retain potencies in the 200-500 nM range (Table 4) Lastly, the alcohol group located in the propanolamine fragment creates a stereogenic center. The enantioselectivity for several representative class members is shown in Table 5 . The striking outcome is that for five pairs of enantiomers, the IC 50 R/S ratios vary from 1-3. That is, alcohol configuration is not an important determinant of potency. The single possible exception corresponds to the enantiomers of 29, the most active series member with an enantiomeric ratio of 3.8. Given the narrow window of differences, these observations would seem to be one of the many exceptions to Pfeiffer's rule, which states that the higher the activity of a eutomer, the higher the separation in activities between eutomer and distomer. 39 The receptor pocket that houses this class of molecules is most likely endowed with a geometry that accommodates the alcohol stereogenicity while binding the remaining sectors of the antagonists in a common fashion.
40,41
Shape Comparisons with Ifenprodil. Six members of the propanolamine series and ifenprodil were examined computationally for their similarity in molecular shape and electrostatic potential. Each of the structures listed in Table 6 was subjected to a conformational search using the OMEGA conformation generator. 42 These conformer pools were then analyzed with the programs ROCS and EON. 43, 44 ROCS (Rapid Overlay of Chemical Structures) provides a measure of molecular shape complementarity through maximization of shape overlap between two structures. Shape complementarity is calculated by means of a simple Tanimoto comparison (T s ) resulting in a score between 0 (no overlap) and 1.0 (identical shape). A score of T s > 0.7 signifies significant shape complementarity. 45, 46 EON provides a similar comparison in terms of the electrostatic potential distribution overlap between two structures. However, because the procedure does not presently allow optimization of the overlap, EON was applied directly to a set of ROCSaligned structures. EON Tanimoto scores range from -1 / 3 to 1. A similarity score of T e > 0.2 is considered a significant electrostatic match. 45, 46 Table 6 lists the highest scoring conformation derived from each of the propanolamines and ifenprodil after ROCS and EON comparison of OMEGAgenerated conformer pools with a template conformation of 67. The latter was selected as the template structure following a docking study of 67 to identify a proposed ligand-protein binding complex on a homology model of the NR2B ATD subunit. This work will be reported in due course. 47 The combined shape and electrostatic similarity between template and each of the query compounds is depicted by a structural overlay in Figure 3 , while the electrostatic potential maps of the corresponding conformations are represented in Figure 4 . This analysis identified at least one conformation for each of the query compounds that provides a significant match (T e > 0.2) to the electrostatic properties of the query conformation of 67 ( Table 6 ). The only exception to a significant shape score within the propanolamine series is 91, the low score (T s ) 0.54) a result of an extra phenyl group by comparison with other members in the set. Nonetheless, the corresponding conformation is still capable of an excellent match on the basis of electrostatic characteristics (T e ) 0.41). Even with inversion of the hydroxyl stereocenter (compound 103), a significant correlation of both shape and electrostatic signatures (T s ) 0.72, T e ) 0.36) is achieved, perhaps explaining the surprising lack of sensitivity to inversion at this location. The shape comparison for ifenprodil (T s ) 0.68) puts it below (but close to) the Figure 3 . Despite structural variations within the propanolamine series and in ifenprodil, each compound displays a three-dimensional electrostatic profile similar to the query structure, even ifenprodil (bottom left), with a completely different scaffold than the propanolamines, achieves the threshold electrostatic similarity score of 0.2 when compared to the query structure.
threshold for a significant shape similarity. Nonetheless, the substantial electrostatic similarity (T e ) 0.20) denotes a degree of similarity between these two scaffolds despite their atomic differences.
The propanolamine similarity comparisons imply that although changes can be made to multiple regions of the molecular scaffold, by and large the structures retain the ability to access similar conformations and present comparable electrostatic signatures to their surroundings. A degree of complementarity with ifenprodil supports the notion that the propanolamines and ifenprodil may access a common binding site.
Off-Target effects of 29. Compound 29 had no significant effect on neuronal voltage-activated currents. Tetrodotoxinsensitive neuronal Na
+ currents recorded at -10 mV were 1.31 ( 0.20 nA in control and 1.27 ( 0.18 nA in 3 µM 29 (n ) 5; p ) 0.23; paired t test). Voltage-gated K + currents were 0.72 ( 0.13 nA in control and 0.72 ( 0.13 nA in 3 µM 29 (n ) 6; p ) 0.66; paired t test). The current-voltage relationships for Na + and K + currents were superimposable at all potentials (data not shown). Additional studies show that 29 does not bind to L-type or N-type calcium channels or to sodium channels (IC 50 values > 5-10 µM; data not shown). As with other classes of NR2B-selective antagonists, 3,48 29 binds hERG channels with an IC 50 of 0.73 µM, which is ∼15-fold higher the than IC 50 for inhibition of NR1/NR2B receptors (0.050 µM, n ) 53). The hERG IC 20 for 29 is 174 nM. Compound 29 also shows limited binding to R-1 and R-2 adrenergic receptors with IC 50 values of 2.4 µM and >3 µM, respectively, as well as the serotonin transporter (>3 µM). However, binding to dopamine and norepinephrine transporters was more potent, with estimated IC 50 values around 0.5 µM. Binding to both hERG and R-1 adrenergic receptors can be modulated by changing the R 1 substitution of the phenyl ring in the 3 and/or 4 position ( Table  7) . A substituted benzyl group at the R 2 position reduces both hERG and R-1 adrenergic binding. In addition, R-1 adrenergic binding is systematically reduced by the R 2 group when substitution is alkyl (Table 7) , whereas these same substitutions have varying effects on hERG binding. The latter suggests that the size of the amine aliphatic substitution can influence hERG binding.
In Vitro and in Vivo Analysis of Neuroprotection. NMDA receptor overactivation during neuropathological insult has long been considered an important contributor to the sequence of events that leads to cell death. [49] [50] [51] For this reason, there has been interest in utilizing NMDA receptor antagonists as potential neuroprotectants for conditions such as ischemic stroke. Initial clinical trials of competitive NMDA receptor blockers as well as channel blockers failed for a number of reasons, including unfavorable side effect profile, dose lowering in an effort to avoid negative side effects, and the inability to administer the compounds early enough after the ischemic event to prevent NMDA receptor-mediated cell death. The latter is thought to occur in the initial hours post ischemia. To avoid some of these problems, subunit selective antagonists have been developed and pursued in both in vitro and in vivo models of neuronal injury. We therefore tested propanolamine 29 as a representative of this class for neuroprotective actions in two of the most common models of NMDA receptor mediated excitotoxicity: NMDA-mediated neurotoxicity of cultured rat cortical neurons 52, 53 and the transient focal ischemia produced by occlusion of the middle cerebral artery (MCAO) model 54, 55 in mice. Figure 5A summarizes data showing that propanolamine 29 is neuroprotective against NMDA receptor mediated cell death in vitro. Cortical neuronal cultures were exposed for 10 min to 100 µM NMDA and 10 µM glycine to activate NMDA (but not kainate or AMPA) receptors selectively. For each experiment, a subset of cultures were treated with NMDA/glycine plus varying concentrations of propanolamine 29. Cultures were subsequently washed with saturating concentrations of a nonselective antagonist cocktail that can block all glutamate receptors (APV, CNQX, see Methods). The culture media was replaced and returned to the incubator for 24 h. After this time, a spectrophotometric assay was performed to measure release of the stable intracellular enzyme lactate dehydrogenase. This approach is a widely used, reliable measure of cell injury because a robust correlation exists between cell death and LDH release. Figure 5A shows the extent of neuronal death induced by NMDA treatment as well as the concentration-dependent ability of 29 to reduce cell death, assessed through release of LDH. Our interpretation of these data is that propanolamines prevent cell death in cultured neurons caused by overactivation of NR2B subunit-containing native NMDA receptors.
We subsequently tested the effects of 29 on ischemia-induced neuronal death in vivo using the MCAO model of transient focal ischemia. Occlusion of the middle cerebral artery was performed in C57Bl/6 mice for 30 min, followed by survival for 24 h. At Figure 5B shows two sections from mice pretreated with either 30 mg/kg of propanolamine 29 ip or vehicle. The infarct volume, which is shown in red, is outlined by a thresholded digital measurement of >30% reduction in staining intensity. It is clear from these data that 29 is neuroprotective. The right panel summarizes measurements from a large number of animals and shows a significant reduction in infarct volume that is caused by preinjection of 29 at 30 mg/kg (p < 0.05, Mann-Whitney). These data are consistent with results showing other NR2B-selective antagonists are neuroprotective. 6, 55, 56 In addition, it seems unlikely that potential potassium channel blockade by 29 would be neuroprotective because this should lead to further depolarization of neurons, spike firing, and additional glutamate release. Peak brain concentration of 29 (0.17 µM, see below) is 3 times the IC 50 for block of NMDAR but insufficient to fully block mouse hERG channels.
In Vivo Analysis of Anticonvulsant Activity. It has long been known that NMDA receptor activators induce seizures and that NMDA receptor antagonists can be anticonvulsant. 57, 58 Moreover, NR2B-selective NMDA receptor antagonists have shown some anticonvulsant activity in animal models of epilepsy. 59, 60 We therefore sought to test whether the novel compounds described here are anticonvulsant in an in vivo model of electrographic seizures. Figure 5C Figure 5C ), a higher dose of 29 (100 mg/kg) significantly reduced tonic hind limb extension duration (68 ( 6.1% of control; p < 0.001; n ) 10). A reduction in tonic hind limb extension in the electroshock model is a predictor of clinical effectiveness for drugs of diverse structure.
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In Vivo Analysis of Locomotor Activity and Rotorod Performance. Although NMDA receptor antagonists are neuroprotective and anticonvulsant, one persistent complication that has impeded clinical development has been a number of serious side effects associated with blockade of NMDA receptors, which include psychosis and ataxia. [62] [63] [64] One reliable in vivo test of side effects is the ability of NMDA receptor antagonists to influence locomotor activity, with low doses increasing locomotor activity and the highest doses producing complete ataxia. 65, 66 Figure 6A shows the locomotor-stimulating activity of nonselective NMDA receptor channel blockers like aptiganel and competitive antagonists such as selfotel (* p < 0.05, ANOVA, posthoc Dunnett's). Some NR2-selective antagonists (e.g., 111, Figure 1 ) increase locomotion, 67, 68 although propanolamines in the series developed here, as characterized by 29, show virtually no effect on locomotor activity at doses (300 mg/kg) that are at least ten times greater than an effective neuroprotective dose (30 mg/kg). Ifenprodil impaired locomotor activity at high doses. Three of the four animals in our study died at 300 mg/kg dosages of ifenprodil. These data show that propanolamines induce less locomotor activity changes than other well-studied NR2B-selective antagonists as well as nonselective NMDA receptor antagonists. The lack of locomotor activity of propanolamines compared to the Ro compound (Figure 1 ) could be due to either unique pharmacokinetic properties, unknown interactions with nonglutamate receptor targets in brain, differences in the magnitude of percent maximal 
block of NR2B receptors, or differences of other features of the effects of 111 (Figure 1 ) on NR1/NR2B receptor function.
In addition, mice were tested for motor coordination in a rotorod assay in Figure 6B . Mice were placed on a rotating spindle that was accelerated from 3 to 35 rpm over 5 min and the latency to fall was recorded. Mice were tested four times each day for five days (within day intertrial intervals were 25 min). On day five mice were injected ip with 30 mg/kg 29 20 min prior to the first trial. Like vehicle, 29 does not impair performance on the rotorod. Injection of the potent, nonselective NMDA antagonist 110 ((+)MK-801) [64] [65] [66] at 0.3 mg/kg, however, results in a significant impairment in performance that reverses over time, most likely due to clearance of drug from the animals. A higher dose of 110 (0.6 mg/kg) results in complete ataxia, and animals are unable to perform the rotorod test on day 5 (not shown).
Plasma and Brain Levels of Propanolamines. In vivo efficacy for 29, 66, and 104 already suggests that these compounds cross the blood-brain barrier and persist at significant levels for at least 30 min. To verify that other members of this class of NR2B-selective antagonist are bioavailable, we evaluated plasma half-life and brain/plasma ratio for a range of structurally similar compounds with varied substitution on the chain nitrogen. Compounds 67, 68, 70, 77, and 98 were administered to rats intravenously (4 mg/kg; n ) 3) and 29 administered at 30 mg/kg ip, and the plasma levels of compounds measured by LC-MS/MS at multiple time points (5, 30, 60, 120, and 240 min) following administration (see Methods). The t 1/2 (plasma half-life) for these compounds ranges from 0.6 to 1.2 h (29 ) 1.1 h). There is no apparent correlation of the terminal half-life with the size of the amino alkyl substitution. Compound 70 penetrates brain well with brain to plasma ratios of 1.1, whereas 29 has a lower brain to plasma ratio (<0.05). Both brain/plasma ratios were relatively constant over time. Because 29 and 70 have similar overall structural features, such as the dichlorophenethyl propanolamine and methane sulfonamide, the reasons for the differences in brain penetration are not obvious. However, the combination of lower total polar surface area (78 versus 87) and higher ClogP (5.3 versus 3.1) for 70 versus 29 may play a role. Following a 30 mg/kg ip dose of 29, brain levels peaked at 0.17 µM or three times the IC 50 for block of NMDAR as measured in the oocyte assay. Interestingly, brain concentrations are sustained even as plasma levels fall by over 4-fold. Thus, at doses of 29 administered for transient ischemia, occupancy of NR2B receptors by 29 may exceed 60% for 2 h post surgery. Accounting for mouse plasma binding of 88% (98% in human plasma), the free concentration of 29 in plasma during the ischemic episode ranged from 1 to 3 µM, and thus plasma levels are 2-3 fold above the IC 50 for hERG binding. Although free concentrations of drug in humans could be lower, 29 exhibits a projected cardiovascular safety margin that is unsuitable as a neuroprotectant in man. Compound 29, however, remains a valuable pharmacological tool for investigating the role of NR2B receptors in vitro and in preclinical animal studies. Oral bioavailability was not directly measured, but computational methods (QikProp) 77 applied to compounds across the series predict 29 and racemic 66/104 to have moderate oral absorption potential (>30%) across the GI/blood barrier. This prediction fits with the observed pK a values for 29. The pK a for the amino and sulfonamide groups was determined to be 9 and 8, respectively. On the basis of these numbers, the salt form of this compound should be dominant at low pH values, but in equilibrium with the free base at higher pH ranges (6-8).
Summary and Conclusions
In this study, we describe a series of NR2B selective NMDA receptor antagonists with a number of unique features. A diverse range of propanolamine derivatives can be prepared as pure enantiomers by straightforward procedures with 11-64% yields in six steps. The compounds are similar to the previously described prototypical class of phenylethanolamines in that they are biaryl structures with a nitrogen-containing chain. However, a significant departure from the structure-activity relationship for ifenprodil and its analogues is observed. There is a very strict requirement for substituents on the terminal aryl rings. For example, only minor variations of the 3,4-dichloro moiety on the phenylethyl ring and the 4-methylsulfonylamide moiety at the distal phenyl ring are tolerated. Various alkyl and benzyl nitrogen substituents reduce activity only slightly relative to parent 29, but sufficiently bulky groups reduce potency drastically. Remarkably, the active enantiomers of 109 differ in their in vitro potencies with low eutomer/distomer ratios of 0.7-3.8. This observation implies a forgiving binding pocket. Molecular templating of a selection of the most active analogues confirms that the series can adopt a common 3-D shape and hydrophobichydrophilic profile. It also provides insight into the diminished R/S ratios by suggesting that molecular profile is altered very little by inversion at the C-OH stereogenic center. These potent subunit-selective antagonists display a number of intriguing activities in vivo. For example, they are neuroprotective in a mouse model of transient focal ischemia. Compound 29 decreased infarct volume when administered before an ischemic episode. Moreover, some of the compounds were shown to be anticonvulsant in the electroshock model of tonic clonic seizures. These two properties are consistent with results from other NR2B-selective antagonists, raising interest in therapeutic exploitation of this class of compound. Propanolamines in this structural series that were tested appear to show little propensity to stimulate locomotor activity, suggesting they may exhibit a reduced side effect profile. If NR2B-selective receptors can be found that are well tolerated, they should prove to be effective therapeutics for a wide range of ischemic insults. NR2B receptor antagonists have not been studied exhaustively in models of epilepsy, however, they are effective at reducing seizures in a subset of animal models of epilepsy, suggesting that these compounds may be effective anticonvulsants in some types of human epilepsy.
Experimental Section
Chemistry. General Procedures. All reagents were obtained from commercial suppliers and used without further purification. Reaction progress was monitored by thin layer chromatography (TLC) on precoated glass plates (silica gel 60 F254, 0.25 mm thickness) purchased from EM Science. Flash chromatography was carried out with silica gel 60 (230-400 mesh ASTM) from EM Science. General Method For Preparation of (S)-Glycidyl Substituted Nitrophenyl Ether. Substituted nitrophenol (6.6 mmol) was dissolved in 5 mL anhydrous DMF. Cesium fluoride (19.9 mmol) was added to the reaction. The reaction mixture was stirred for 1 h at room temperature, and (S)-glycidyl nosylate (6.6 mmol) was added to the reaction mixture. The reaction stirred for 24 h at room temperature. Water (150 mL) was added; the solution was extracted with ethyl acetate. The organic phase was dried over MgSO 4 and evaporated. The residue was purified with column chromatograph using ethylacetate: hexane (50:50) solvent system to give the desired product.
( General Method For Preparation of (S)-Glycidyl Amino Substituted Phenyl Ether. (S)-Glycidyl substituted nitrophenyl ether (2.6 mmol) and 5% Pd/C(en) (10% of the weight of starting material) in 5 mL anhydrous THF was hydrogenated at ambient pressure and temperature for 3-5 h. The reaction mixture was filtered by using membrane filter (13, 0.22 µm) and the filtrate was concentrated in vacuum. The compound was afforded as a crude mixture of amino reduction and ring opening. The isolation of the compound was difficult because of the liability of the components of the mixture on silica gel. The product ratio of the amino reduction, and ring opening was determined on the basis of the integration ratio of the epoxide-ring protons of amino reduction compound and the methyl proton (δ ) 1.25, d, J ) 6.4 Hz) of ring opening compound. Glycidyl 4-Aminophenyl Ether (9) . the product ratio of the amino reduction and ring opening was 94:6 (98% yield). The NMR values are the same as those previously reported. 29 General Method For Preparation of (S)-Glycidyl N-Alkyl/ arylsulfonyl-amino-Substituted Phenyl Ether. (S)-Glycidyl amino substituted phenyl ether (2.4 mmol) dissolved in 20 mL anhydrous DCM and N,N-diisopropyl-N-ethylamine (2.6 mmol) was added at 0°C. After stirring 15 min, alkyl/arylsulfonyl chloride (2.6 mmol) was added dropwise to the reaction mixture at 0°C. After stirring overnight, the reaction extracted with water and washed with brine. Organic phase dried over magnesium sulfate and evaporated. The residue was purified with flash chromatography using an ethyl acetate:DCM (30:70) solvent system to give the desired product.
S)-Glycidyl 4-Nitrophenyl ether (2)
.
(S)-
(S)-Glycidyl N-Methylsulfonyl-4-aminophenyl Ether (15 General Method For Preparation of (S)-Glycidyl N-Substituted Acetamidophenyl Ether. (S)-Glycidyl 4-aminophenyl ether (2.4 mmol) dissolved in 20 mL anhydrous DCM and N,Ndiisopropyl-N-ethylamine (2.6 mmol) was added at 0°C. After stirring 15 min, substituted acetyl chloride (2.6 mmol) was added dropwise to the reaction mixture at 0°C. After stirring overnight, the reaction extracted with water and washed with brine. Organic phase dried over magnesium sulfate and evaporated. The residue was purified with flash chromatography using an ethyl acetate:DCM (30:70) solvent system to give the desired product.
(S)-Glycidyl N-acetamidophenyl Ether (25). White solid, 59% yield. 1 General Method for Synthesizing Compounds 29-43. Appropriate aminophenylether (2.00 mmol) and 3,4-dichlorophenylethylamine (2.00 mmol) were heated under reflux conditions in 20 mL ethanol for 4-24 h. Then solvent was evaporated and residue was purified with flash chromatography using a dichloromethane: methanol (90:10) solvent system. 58 (1H, m), 4.64-4.69 (1H, m), 4.81  (1H, s), 4.94 (1H, s), 6.88 (1H, dd, J 
2-Phenyl-3-(N-phenylethylamino)-5-(2-aminophenoxymethyl)oxazolidine (46).
Compound 45 (2.7 mmol) was dissolved in 30 mL of ethanol, 1.28 mL of 2N sodium hydroxide, and 0.128 g Pd/C (%10) (10% of the weight of starting material) was added to the solution. The reaction was hydrogenated at ambient pressure and temperature for 12 h. The reaction mixture was filtered by using membrane filter (13, 0.22 µm), and the filtrate was concentrated in vacuum, leaving yellow oil. This oil was dissolved in DCM and extracted with water, dried over MgSO 4 , and the solvent removed leaving colorless oil (39% yield). The amine was used directly in the next step without purification. Compound 46 (1.05 mmol) was dissolved in DCM and cooled to 0°C. At 0°C, N,N-diisopropyl-Nethylamine (1.15 mmol) and methane sulfonyl chloride (1.15 mmol) was added to the reaction. The reaction mixture was stirred at 0°C for 2 h, then warmed to room temperature slowly and stirred at room temperature for another 16 h. Solvent was evaporated, leaving a yellow-brown oil. The latter was added to 50 mL of 1N HCl solution and stirred at room temperature for 4 h and extracted with DCM. The water layer was removed under reduced pressure, and the resulting solid was recrystallized from ethanol/ether to give the hydrochloride salt of compound 43 (white solid, 43% yield). 1 
1-(2-Methanesulfonamidophenoxy)-3-(3,4-dichlorophenylethylamino)-2-propanol (43).

S) C, H, N.
General Method for compound 47-65. First, 1.5 mmol of (S)-glycidyl N-substituted-4-aminophenyl ether (15-28) and 1.5 mmol of suitable phenyl ethylamine were dissolved in 5 mL of ethanol and refluxed for 6-24 h. After refluxing time, the solvent evaporated and the residue was purified by flash chromatography using a dichloromethane:methanol (90:10) solvent system to give the products as colorless oil (40-90% yield). 30, 52,  67, 91, 103 , and ifenprodil) were geometry optimized with the MMFF force field [69] [70] [71] [72] [73] and then subjected to a conformational search using OMEGA. 42 Care was taken to ensure identical chirality and protonation states for all molecules. Certain default parameters were changed (ewindow 25.0, maxconfgen 100000, maxconfs 1000, maxtime 75.0, rms 0.5, enumNitrogen false) to ensure a more complete conformer pool for subsequent analysis. The resulting combined libraries of conformers (1000 conformers for the propanolamine structures, 75 for ifenprodil) was then searched using ROCS, 43 which provides a rapid comparison of 3D molecular shape to a query structure. The query structure was taken from an MMFFoptimized pose of 67 docked to a homology model of the NR2B ATD subunit. 47 The 75 most shape-congruent structures from ROCS were then analyzed in a second step using the program EON. 44 The latter gauges the molecular similarity of two structures by comparing electrostatic potentials of the molecules in question. The top scoring conformer from the EON analysis was kept as the best match, both in shape and electrostatic nature, to the query structure. These conformers are shown in Figures 3 and 4 , and their similarity scores presented in Table 6 .
Expression of Glutamate Receptors in Xenopus laeWis Oocytes. All protocols involving the use of animals were approved by the Emory University or Duke University IACUC. cRNA was synthesized from linearized template cDNA for rat glutamate receptor subunits according to manufacturer specifications (Ambion). Quality of synthesized cRNA was assessed by gel electrophoresis, and quantity was estimated by spectroscopy and gel electrophoresis. Stage V and VI oocytes were surgically removed from the ovaries of large, well-fed, and healthy Xenopus laeVis anesthetized with 3-amino-benzoic acid ethyl ester (3 g/L) as previously described. 74 Clusters of isolated oocytes were incubated with 292 U/mL Worthington (Freehold, NJ) type IV collagenase or 1.3 mg/mL collagenase (Life Technologies, Gaithersburg, MD; 17018-029) for 2 h in Ca 2+ -free solution composed of (in mM) 115 NaCl, 2.5 KCl, and 10 HEPES, pH 7.5, with slow agitation to remove the follicular cell layer. Oocytes were then washed extensively in the same solution supplemented with 1.8 mM CaCl 2 and maintained in Barth's solution composed of (in mM): 88 NaCl, 1 KCl, 2.4 NaHCO 3 , 10 HEPES, 0.82 MgSO 4 , 0.33 Ca(NO 3 ) 2 , and 0.91 CaCl 2 and supplemented with 100 µg/mL of gentamycin, 10 µg/mL of streptomycin, and 10 µg/mL of penicillin. Oocytes were manually defolliculated and injected within 24 h of isolation with 3-5 ng of NR1 subunit and 7-10 ng of NR2 subunit in a 50 nL volume, or 5-10 ng in 50 nL of AMPA or kainate receptor cRNAs, and incubated in Barth's solution at 18°C for 1-7 d. Glass injection pipettes had tip sizes ranging from 10-20 µm and were backfilled with mineral oil.
Two Electrode Voltage Clamp Recording from Xenopus laeWis Oocytes. Two electrode voltage-clamp recordings were made 2-7 days postinjection as previously described. 74 Oocytes were placed in a dual-track plexiglass recording chamber with a single perfusion line that splits in a Y-configuration to perfuse two oocytes. Dual recordings were made at room temperature (23°C) using two Warner OC725B two-electrode voltage clamp amplifiers, arranged as recommended by the manufacturer. Glass microelectrodes (1-10 megaohms) were filled with 300 mM KCl (voltage electrode) or 3 M KCl (current electrode). The bath clamps communicated across silver chloride wires placed into each side of the recording chamber, both of which were assumed to be at a reference potential of 0 mV. Oocytes were perfused with a solution comprised of (in mM) 90 NaCl, 1 KCl, 10 HEPES, and 0.5 BaCl 2 ; pH was adjusted to 7.3 or 7.6 by addition of 1-3 M NaOH. Oocytes were recorded under voltage clamp at -40 mV. Final concentrations for control application of glutamate (50 µM) plus glycine (30 µM) were achieved by adding appropriate volumes from 100 and 30 mM stock solutions, respectively. In addition, 10 µM final EDTA was obtained by adding a 1:1000 dilution of 10 mM EDTA in order to chelate contaminant divalent ions such as Zn 2+ . Concentration-response curves for experimental compounds were obtained by applying in successive fashion maximal glutamate/glycine, followed by glutamate/ glycine plus variable concentrations of experimental compounds. Dose response curves consisting of 4-8 concentrations were obtained in this manner. The baseline leak current at -40 mV was measured before and after recording, and the full recording linearly corrected for any change in leak current. Oocytes with glutamateevoked responses smaller than 50 nA were not included in the analysis. The level of inhibition by applied experimental compounds was expressed as a percent of the initial glutamate response and averaged together across oocytes from a single frog. Each experiment consisted of recordings from 3 to 10 oocytes obtained from a single frog. Results from 3-6 experiments were pooled, and the percent responses at antagonist concentrations for each oocyte were fitted by the equation,
where minimum is the residual percent response in saturating concentration of the experimental compounds, IC 50 is the concentration of antagonist that causes half of the achievable inhibition, and nH is a slope factor describing steepness of the inhibition curve. Minimum was constrained to be greater than or equal to 0. Whole Cell Patch Clamp Recording of Voltage-Activated Currents in Neurons. Neuronal cultures were derived from E17 Sprague-Dawley rat pups. Briefly, cortical tissue was dissected, transferred into saline containing penicillin/streptomycin and 10 mM HEPES, and incubated in trypsin containing 0.02% DNase at 37°C for 15 min. Tissue was then triturated and the supernatant resuspended in B27-supplemented Neurobasal media (Gibco) containing 2 mM L-glutamine and 5% fetal bovine serum. Cells were plated onto poly-D-lysine-coated coverslips, and after three days, the media was replaced with serum-free media. Cultures were maintained at 37°C in a humidified 5% CO 2 -containing atmosphere. Whole-cell patch clamp recordings (voltage clamp, holding potential -60 mV) from 5-to 10-day cultured cortical neurons were made with an Axopatch 200B amplifier (Axon Instruments, Union City, CA) at room temperature (23°C). The recording chamber was continually perfused with recording solution composed of (in mM) 150 NaCl, 3 KCl, 2 CaCl 2 , 1.5 MgCl 2 , 5.5 glucose, and 10 HEPES (pH 7.4 by NaOH; osmolality adjusted to 315 mOsm with sucrose). Thin wall glass pipettes were filled with (in mM) 110 D-gluconate (50% w/w), 110 CsOH (50% w/w), 30 CsCl, 5 HEPES, 4 NaCl, 0.5 CaCl 2 , 2 MgCl 2 , 5 BAPTA, 2 NaATP, and 0.3 NaGTP (pH adjusted to 7.3 with CsOH and osmolality adjusted to 300 mOsm with sucrose). Recordings were made in the presence of 10 µM bicuculline, 10 µM CNQX, and 100 µM DL-APV to block both excitatory and inhibitory synaptic transmission. Drugs were applied by gravity and controlled by manual valves. Voltage-gated macroscopic whole cell currents were activated by 100 ms voltage steps from a holding potential of -60 mV to between -90 and +50 mV. The sensitivity of Na + currents to 0.5 µM tetrodotoxin was confirmed at the end of each experiment; K + channels were recorded in the presence of 0.5 µM tetrodotoxin to block Na + channels. We evaluated the mean Na + current from a number of whole cell recordings at -10 mV, and the mean K + current at +50 mV using a paired t test.
In Vitro Assay of Neuronal Death. Primary dissociated cortical cultures were prepared from Sprague-Dawley rat embryos (E16-E19) as previously described. 19 After 9-12 days in culture, pretreatment and treatment of cells with experimental compounds were performed using buffered artificial cerebrospinal fluid (ACSF) solution (pH 7.6). ACSF was comprised of (in mM) 130 NaCl, 3.5 KCl, 2 MgSO 4 , 1.25 NaH 2 PO 4 , 2 CaCl 2 , 15 NaHCO 3 , 10 glucose, and 10 HEPES and saturated with 95%O 2 /5% CO 2 . Cells were pretreated with ACSF alone, variable concentrations of test compound, or D-APV (100 µM) for 15 min. Excitotoxicity was induced by treating cultures with NMDA (100 µM) plus glycine (10 µM) at room temperature for 10 min in the presence of test compound or D-APV (100 µM). Cells were subsequently washed twice with fresh medium containing D-APV (100 µM) and CNQX (1-10 µM) to limit the period of excitotoxicity to the 10 min exposure. Rinsed plates were returned to the incubator in fresh medium without D-APV or CNQX. After 16-24 h, excitotoxic damage was assessed spectrophotometrically measuring the amount of lactate dehydrogenase (LDH) released into the culture medium (Tox-7 kit; Sigma Chemical Co, St. Louis, MO). Released LDH was expressed as the fraction of total LDH present in each well, determined by lysing the cells. Neuroprotection produced by experimental compounds was quantified by scaling LDH release in wells between minimum and maximum degree of LDH release. We defined percent inhibition as
where LDHtreated is the amount of LDH released from wells treated with variable concentrations of experimental compound 29, LDHmin was the LDH release from wells treated with ACSF+D-APV, and LDHmax was the maximum LDH released from wells treated with glutamate and glycine. Cultures in which the NMDA-evoked excitotoxic cell death was less than 10% were discarded. Transient Focal Ischemia. Transient focal cerebral ischemia was induced in mice by intraluminal middle cerebral artery occlusion (MCAO) with a monofilament suture as previously described. 75 Male C57BL/6 mice (3-5 months old, The Jackson Laboratory) were anesthetized with 2% isoflurane in 98% O 2 . The rectal temperature was controlled at 37°C (range 36.5-37.5) with a homeothermic blanket. Relative changes in regional cerebral blood flow were monitored with a laser Doppler flowmeter (Perimed). To do this, the probe was glued directly to the skull 2 mm posterior and 4-6 mm lateral of the bregma. An 11 mm 5-0 Dermalon or Look (SP185) black nylon nonabsorbable suture with the tip flamerounded was introduced into the left internal carotid artery through the external carotid artery stump until monitored blood flow was reduced below 20% or stopped (at 10.5-11 mm of suture insertion). After 30 min MCA occlusion, blood flow was restored by withdrawing the suture. After 24 h survival, the brain was removed and cut into 2 mm sections. The lesion was identified with 2% 2,3,5-triphenyltetrazolium chloride (TTC) in PBS at 37°C for 20 min. The infarct area of each section was measured using NIH IMAGE (Scion Corporation, Beta 4.0.2 release) and multiplied by the section thickness to give the infarct volume of that section. The density slice option in NIH IMAGE was used to segment the images based on the intensity determined as 70% of that in the contralateral undamaged cortex. This standard was maintained throughout the analysis in all animals, and only objects at this intensity were highlighted for area measurement. The area of the lesion, as identified by digital threshold reductions in TTC staining, was manually outlined. A ratio of the contralateral to ipsilateral hemisphere section volume was multiplied by the corresponding infarct section volume to correct for edema. Infarct volume was determined by summing the infarct area times section thickness for all sections. C57Bl/6 mice received an intraperitoneal (ip) injection of compound 29 10 min before MCA occlusion surgery, resulting in receipt of compound 29 30 min before occlusion. A 30 mg/mL stock solution in 50% DMSO was prepared by adding 30 mg of compound into 0.5 mL of DMSO followed by addition of 0.5 mL of 0.9% saline with vortexing. The working solution for the ip injection solution was 3 mg/mL in 0.9% saline (50% v/v DMSO) and was prepared by transferring 0.2 mL of the stock solution into a new tube and adding 0.9 mL of DMSO and 0.9 mL of 0.9% saline with vortexing. A dose of 30 mg/kg compound 29 was administered to mice with a 10 mL/kg injection volume. The technician performing both the surgical procedure and analysis of stained sections by NIH IMAGE was blinded from the compound injected.
Maximal Electroshock-Induced Seizures. One or two drops of 1% lidocaine were placed in each conjunctiva of 100-125 g male Sprague-Dawley rats (Zivic Miller). Approximately 30-60 s later, the animal was picked up gently, restrained gently, and a cup electrode was placed over each cornea and a constant current stimulus (200 mA, 60 Hz, 0.2 s) was administered (Wahlquist Instrument Co., Salt Lake City, UT). Seizure onset occurred virtually instantaneously with the onset of current flow. The duration of tonic hind limb flexion, tonic hind limb extension, and time to recovery were recorded. Measurements of these parameters were made on three sequential days. Untreated animals were tested on the first and third day. The second day tested the indicated amounts of experimental compounds administered ip in DMSO. Vehicleinjected animals served as negative controls, and carbamazepine treated animals (60 mg/kg) served as positive controls. The duration of tonic hind limb extension was visually scored, and the data were analyzed by ANOVA with Bonferroni's t test post hoc. Differences were considered significant if p < 0.05.
Locomotor Activity Testing. Locomotor activity was measured using eight Digiscan activity monitors (AccuScan Instruments, Inc., Columbus, OH) with the aid of the VersaMax software (Version 1.30, Omnitech Instruments Inc.). 76 Sprague-Dawley rats (100-200 g) were tested in a 40 cm × 40 cm × 30 cm (L × W × H) clear acrylic chamber surrounded by a framework of infrared photobeams. Each chamber was individually housed in a ventilated, sound-attenuating cubicle that was illuminated by incandescent light (approximately 45 lx). The infrared photobeams were in a 16 × 16 array around the bottom of the box and 2.5 cm from the floor. Movements were determined by breaks in photobeams and were converted into locomotor activity counts with the aid of VersaDat software (Version 1.3; AccuScan Instruments Inc.), which was interfaced with a microcomputer.
On testing days, animals were taken from the colony room and moved to the testing room in their home cages. Animals were habituated to the testing room for at least 30 min before they were placed in activity chambers. Basal activity was measured for 1 h in the activity box. Animals were subsequently removed and injected with appropriate dose of test agent ip and returned to the activity box for 2 h. Compounds were formulated either in sterile 0.9% saline (selfotel and aptiganel), 5% (2-hydroxypropyl)--cylodextrin in H 2 O (ifenprodil), or 10% DMSO in PEG (111 (Figure  1) ). Propanolamine 29 was delivered in either 10% DMSO in PEG or 50% DMSO in saline. When DMSO was used for formulation, the compound was first dissolved in DMSO and then diluted to the desired final concentration with PEG or saline, with vortexing. We analyzed horizontal activity counts (ambulation) and expressed the measurements as number of photobeam breaks. Vehicle injected animals were run each day as negative control animals, and 0.3 mg/kg 110, ip in saline, which strongly stimulates locomotor activity, was used as a positive control each day. A strong locomotor response to 110 was observed (38233 ( 7213 counts, n ) 11) without exception in all animals on all testing days.
Rotorod. Mice were tested in the rotorod assay, a well recognized test for sensorimotor function, using a four-chamber Rotamex 4/8 rotorod (Columbus Instruments, Columbus, OH). The test is initiated by placing mice on a rotating rod (5 rpm) that was 3.8 cm diameter by 8 cm wide and suspended 30 cm from the floor of a chamber. After 10 s, the rotation is accelerated from 5 to 35 rpm over a 5 min period. The time the mouse falls from the rod (the latency time) is recorded automatically with a light-activated sensor in the bottom of the chamber. Animals were tested four times each day for five days, with a within-day intertrial interval of 25 min and a between-day interval of 24 h. On day 5, mice were randomly assigned to three groups and injected ip with either vehicle, 0.3 mg/kg 110, or 30 mg/kg propanolamine 29. Drugs were dissolved in 25% DMSO, 75% saline and injected in a 5 mL/kg volume. The technician conducting the rotorod assay was blinded.
Plasma Half-Life and Brain Exposure of Propanolamines. Rats (n ) 3 per dose) were administered compounds at a dose of 4 mg/kg in a single bolus iv infusion (2 mL/kg body weight) via the tail vein, or 30 mg/kg ip, formulated in 2% dimethyl acetamide/ 98% 2-hydroxy-propyl cyclodextrin (5%). For the plasma stability studies, the test article was prepared in 50% DMSO/50% water such that the final solvent concentration in plasma did not exceed 0.5% (v/v).
Animals were fasted overnight prior to dose administration and food returned to the animals two hours after dosing. Following iv dosing, blood samples (ca. 200 µL) were collected into separate tubes containing anticoagulant (K-EDTA) via the orbital plexus at 5, 30, 120, and 240 min. Plasma samples were prepared immediately after collection by centrifugation for 10 min using a tabletop centrifuge, and the plasma stored at < -20°C. Brain tissue was weighed, homogenized on ice in 50 mM phosphate buffer (2 mL per brain) and the homogenate was stored at <-20°C. Plasma and brain homogenate samples were extracted by the addition of 5 volumes of cold acetonitrile, mixed well by vortexing, and centrifuged at 4000 rpm for 15 min. The supernatant fractions were analyzed by LC-MS/MS operating in multiple reaction monitoring mode (MRM) . The amount of parent compound in each sample was calculated by comparing the response of the analyte in the sample to that of a standard curve. Analysis of samples was performed by Ricerca Biosciences, LLC (Concord, OH).
In Vitro Binding Studies. Compounds in Table 7 were evaluated for binding to the human ether-a-go-go potassium channel (hERG) expressed in HEK293 cells by displacement of 3 [H]-astemizole 78 Binding to the rat R-1 adrenergic receptor in rat brain membranes was determined by displacement of 3 [H]-prazosin. 79 Binding IC 50 values were determined from displacement curves (4-6 concentrations, each point in duplicate) fit by a nonlinear, least-squares, regression analysis using MathIQ (ID Business Solutions Ltd., UK).
